Stretchable sensors provide a foundation for applications that exceed the scope of conventional device technologies due to their unique capacity to integrate with soft materials and curvilinear surfaces. This article presents the implementation and characterization of a large-area stretchable wireless RF strain sensor, operating at around 760 MHz, based on the concept of self-similar design. It has an electrical LC resonant circuit formed by a self-similar inductor coil and a capacitor to facilitate passive wireless sensor. The inductance of the wireless sensor varies with the elongation of the PDMS substrate, so is the resonance frequency of the sensor that is detected using an external coil linked to a vector network analyzer. Finite element modeling was used in combination with experimental verification to demonstrate that the wireless strain sensor with 300 m width can be stretched up to 40%. Self-similar structured coil incorporating variable inductance has been implemented to monitor the strain of artificial skin. Strain response of the stretchable wireless sensor has been characterized by experiments, and demonstrates high strain responsivity about 33.7 MHz/10%, which confirms the feasibility of strain sensing for biomedical and wearable applications.
Introduction
Stretchable sensors have the potential to open up new opportunities, particularly for large-area wearable devices that can conform to a curved surface or to bending, twisting and stretching while in use with deformable parts [1, 2] . Stretchable wireless sensors featuring variant electrical characteristics in response to mechanical deformation may offer an effective solution to self-contained large-area strain sensors [3] . There are many types of strain gauges existing, such as piezoresistive materials (Si [4] , carbon nanotube [5] , carbon-black [6] .), and piezoelectric material (lead zirconate titanate (PZT) [7] , zinc oxide (ZnO) [8] , poly(vinylidene fluoride, PVDF) [9, 10] ) on a flexible or stretchable substrate. Continuous artificial skin strain monitoring is a consistent need for biological applications, e.g. heartbeat rates, body temperature, blood pressure, mechanical strains or motion [11] . However, the rocketing demands on wireless wearable sensors capable of measuring repeated high strains over large-area body surfaces or intense body motion are presently challenging technologies of strain sensor due to their poor elasticity and insufficient active areas [12] .
Stretchable, biological integrated sensors for wireless reception/transmission were reported, which involve RF energy harvesting [13] , communication and strain monitoring [14, 15] . A novel micromachined passive sensor with wireless antenna is designed to measure the pressure information which consists of a tuned circuit and the sensors show a shift in their resonant frequency around at 10 GHz in response to changing pressure [16] . Stretchable wireless strain sensors with variable capacitor or inductor are able to accomplish continuous and faithful noncontact body surfaces strain measurements [17] . In wireless RF active sensing, the power transfer, size, and cost are critical concerns [18, 19] ; however, the passive sensing approaches have relatively dexterous design considerations [20, 21] . A capsulated sensor with an electrical LC tank resonant circuit was implanted to the anterior chamber for pressure monitoring [22, 23] transcutaneous, ophthalmic and intracranial pressure monitoring [24] [25] [26] . Stretchable serpentine design with LC resonators for wireless determination of strain properties of skin surface was reported [27] . These devices serve as excellent examples of such wireless passive pressure sensors for the continuous measurement of physiological parameters. Despite successful wireless pressure sensing demonstration, it is urgent to improve the deformability of wireless strain sensor with an LC resonant circuit. Currently two approaches are utilized to fabricate stretchable inorganic electrical circuit: (1) patterned thin film on prestrained substrate to generate nonplanar buckled film with stretchability [28, 29] and (2) serpentine film on stretchable substrate whose stretchability is largely reduced at the case of interfacial bonding [30, 31] .
We propose a stretchable wireless sensor based on self-similar design for large-area cutaneous strain/pressure monitoring. It is composed of self-similar ribbon (Cu film) using as an inductor, and a capacitor, which are formed an LC resonant circuit. The self-similar serpentine structure is designed to improve the stretchability, and the inductance is variable with the deformation of the wireless coil under stretching. The relationship between the resonance frequency and the applied strain is found based on experiments that the deformation of soft object can be determined from the resonance frequency. The stretchable wireless strain sensors are fabricated by the combination of photolithography and wet etching approach. The stretchability is validated by finite element simulations in combination with experiments. The rest of the paper is organized as follows: Section 2 describes design and fabrication of wireless strain sensor. Section 3 shows the comparison between the finite element simulations and the experiment results. Section 4 analyzes the relationship between the variant inductance of the wireless strain sensor and the applied strain. Section 5 presents measurement results of wireless strain sensor with different stretched lengths and sensitivity analysis of the wireless strain sensor is given.
Self-similar design and fabrication of wireless LC strain sensor
The stretchability of LC circuit with large cross-section width is limited, meanwhile the sensitivity should be high enough to sensing the external deformation. We design stretchable coil based on self-similar serpentine structure, which can provide design solution to meet the requirement of large deformation, large area, and high sensitivity of the wireless sensor for continuous strain monitoring. The core is to design an electrical coil with high stretchability, and the electrical coil simultaneously has the capability of tuning the inductance, capacitance, or resistance by the applied strain. Design sketch of self-similar serpentine structure is shown in Fig. 1 . The self-similar design follows from iteratively applying this basic geometry, beginning with a serpentine unit cell as illustrated schematically. The self-similar geometry leads to hierarchical bending physics that ensures ultra-low strains in the materials, even under extreme stretching. It will provide an effective way to transfer print the stiff inorganic structures with low strains to the soft bio-materials or organic materials. It is able to shrink the overall dimension of the coil, and then tune the inductance, capacitance, and resistance of coil to enhance the total performance. The size of wireless coil is h antenna = 30.5 mm and w antenna = 43.7 mm (central axis) with w line =100-500 m line width and 10 m thickness, the whole length is 458.5 mm, the radii of the first and second level serpentines are r 1 = 2 mm and r 2 = 0.75 mm (central axis).
Additionally, this kind of serpentine antennas, such as meander and zig-zag shaped antennas [32] , can reduce the capability in antenna size. Initially, the fractal concept in stretchable electronics is presented to merely improve the deformability, by using thin films of hard electronic materials patterned in deterministic fractal motifs and bonded to elastomers [33] . Self-similar design of stretchable electronics was reported in the literature in the form of a self-similar serpentine configuration, which is used to achieve >300% system stretchability for a lithium-ion battery [34] .
Wet etching fabrication processes for the fractal wireless coil (an electrical LC resonant circuit) are demonstrated in Fig. 2 [35] . The critical steps are involved as follows. (a) One Cu film with ∼10 m thickness is bonded to ∼200 m thickness PDMS substrate. (b) The surface of the copper is spin-coated with the photoresist with the thickness of less than 2 m. (c) The soft mask film with self-similar wireless coil pattern is used to control the penetration of the ultraviolet (UV). The mask-on-photoresist system is moved into the exposure machine under UV to be exposed about 5-10 min. (d) The stretchable substrate with photoresist will put into the developing powder solution (20 g/2 l), and the photoresist without UV irradiating would disappear. The pattern is transferred to the photoresist film. (e) The developed Cu film is put into etchant solution (50 g/200 ml) about 15 min. When the copper without photoresist film protecting is etched by the etchant solvent, the structured film for fractal coil with self-similar structure is formed. (f) The photoresist film mold would be released by acetone solution from the copper coil, and the fractal Cu coil is cleaned. (g) The selected capacity C s was mounted onto wireless coil using flip-chip process. Anisotropic conductive film is used to bond the capacity and wireless coil together. The stretchable wireless coil can be stretched by external force adding to the end of PDMS substrate. The fabricated self-similar wireless coil is mounted on skin, as shown in Fig. 2h . It can be used to monitor the strain of the skin by an external wireless coil linked with a vector network analyzer.
Structural stretchability of the fractal antenna
The deformability is the distinct advantage of self-similar coil over other coil. Several factors should be considered in self-similar design, including the stretchability and stiffness of self-similar design, the controlling of deformation mode, the coupling relationship between deformation and electrical frequency, and the integration degree of coil. Additionally, we have proved that the cross-section dimension plays a critical role in controlling deformation mode, such as in-surface and out-of-surface buckling [9] . When the thickness becomes larger than the line width w line , the serpentine structure can avoid out-of-surface wrinkling. The deformation mechanisms of self-similar structures ensure low levels of strain in the materials before they become straight structures. The mechanism of stretching self-similar structure can be mainly attributed to the tremendous reduction of stiffness in the second order structure compared to the first order one [36] . The self-similar serpentine structures can be stretched elastically by optimizing the width and the curvature radius. The stretchability can be extended largely only by increasing the length of the interconnection, which improves the design flexibility of stretchable devices [37] . The stretchability is evaluated quantitatively by finite element analysis (FEA) using the commercial package ABAQUS6.10. In addition to the self-similar shape, the cross-section width w line plays an important role in controlling the stretchability. The selfsimilar structure with w line = 300 m is considered as the example of the mechanics analysis. Fig. 3 shows the comparison between the FEA results and the optical images of experiment, where the self-similar antenna is stretched with 40%. The FEA results illustrate the principal strain distribution, as well as two local enlarged figures (Fig. 3a2 and a3) . Optical images show the structural deformation, as well as two local enlarged optical graphs ( Fig. 3b2 and  b3) . The FEA simulation agrees well with the experimental results in the respect of structural deformation. The FEA results show the distribution of maximum principal strain, and the maximum values appear at Part a2 and a3. It can be proved indirectly that the largest out-of-plane buckling appears at corresponding position ( Fig. 3b2  and b3 ). The wireless coil could work when it is stretched to 40%. The simulation results show that the strain of most part is smaller than 1.0%, and the maximum strain reaches the crack strain 5%.
When the PDMS substrate releases, some parts of the wireless coil deform out of plane. It can provide a guideline to design the wireless fractal coil through FEM simulation, and also provides one effective method to reduce maximum strain of wireless fractal coil and to improve the stretchability of wireless fractal coil. Significantly, the self-similar design outperforms the conventional serpentine system in stretchability. Self-similar design with high stretchability will improve the practical applicability, especially in functional devices with high areal capacity, which requires large coverage of the active regions. Fig. 4 shows the maximum strain ε max of the wireless coil versus the applied strain. The maximum value in the self-similar antenna is a linear, monotonous, increasing function of the applied strain ε applied (when the maximum strain ε max does not reach the crack strain 5%). The crack length w crack of the wireless coil in the width direction is the place where the strain of the coil is larger than 5% (the critical crack value of the Cu). The self-similar structure with 300 m width is broken when stretched up to 40%, which is validated by simulation and experiment. The FEA simulation shows that the stretchability is not a monotonous function of the crosssection width w line . frequency. The resonance frequency of the electrical LC circuit is represented as [38] :
Strain-induced tunable inductance
where L s , C s and R s are the inductance, capacitance, and resistance of the sensor, respectively. The inductance of the self-similar wireless coil varies with the applied strain on the PDMS substrate, which leads to the change of the resonance frequency. The equivalent circuit of the wireless sensor contains a RLC resonant circuit with variant inductance, as shown in Fig. 5 . The relationship between the strain and resonance frequency determines the sensitivity between the stretchability and the wireless system. Electricity parameters resistance R s , inductance L s and capacitance C s of the stretchable wireless strain sensor have large influence on the equivalent impedance value Zeq(ω) which can be written as
The resistance R s of sensor is almost unchanged with repetition measurement for different applied strains since the cross-section and length keep nearly invariable during stretching. In the stretchable wireless LC sensor, a capacitance C s is selected to match the inductance L s . Compared to the selected chip capacitance, the parasitic capacitance of the wireless coil can be negligible. The capacitance C s for the wireless sensor also keeps invariant.
It can be observed from Eq. (2) that the equivalent impedance value Zeq(ω) is deeply related with inductance L s and scanning frequency f scan . The inductance value L s is influenced by the deformation of the fractal coil with self-similar structure. The inductance values L s are measured by an Impedance Analyzer (E4982A LCR, Agilent Technologies) When the sensor is stretched up to 0, 10%, 20%, 30% and 40%. Linear fitting for the inductance value L s and the strain ε applied is shown as Eq. (3). L s monotonously increases with the applied strain ε applied . Fig. 6 shows experimentally the relationship between the inductance value L s and the applied strain ε applied .
Submit Eq. (3) into Eq. (1), one can get the resonance frequency as
The inductance of the wireless coil is measured in 10% strain increments from 0 to 40%. Substitute the inductance measurement value into Eq. (1), respectively, and the resonant frequency of the wireless sensor can be computed. Relationship between the computed resonant frequency and strain is shown as the scattered points in Fig. 8 . A continuous line in Fig. 8 is plotted with Eq. (4). Fig. 7 illustrates the resonance frequency f resonant (ε applied ) of the stretchable wireless sensor related with the applied strain ε applied . With the increasing of the applied strain ε applied , the inductance L s monotonously increases, but the resonance frequency f resonant monotonously decreases. The resonance frequency is sensitive to the applied strain, based on which the strain can be measured by the resonance frequency.
Combine Eq. (3) with Eq. (2), the equivalent impedance value Zeq(ω) can be written as
The equivalent impedance value Zeq(ω) of the wireless strain sensor is determined by parameter inductance L s and scanning Fig. 7 . The resonance frequency fresonant(ε applied ) versus strain of the wireless sensor. frequency f scan . Fig. 8a shows the relationship between equivalent impedance value Zeq(ω) and scanning frequency, where the desired strains is applied on the substrate from 0 to 0.4 with 0.1 interval. It illustrates for a given a desired strain ε applied that the equivalent resistance is the minimal value in the scanning frequency interval, and the minimal value decreases with the applied strain. The desired resonance frequency appears at the minimum resistance value of wireless sensor system from 720 to 800 MHz with 20 MHz interval. Additionally, the fractal Cu structure can be utilized as a mechanically tunable antenna. Fig. 8b demonstrates that the relationship between the equivalent impedance value and the applied strain. The desired resonance frequency can be gotten though stretching the wireless sensor. Namely, if one can stretch the stretchable fractal Cu coil as a mechanically tunable antenna to get the desired scanning frequency.
Experimental platform and sensitivity analysis
The measurement setup in Fig. 5 consists of a stretchable wireless strain sensor clamped on stretcher. The right frame depicts the stretchable wireless sensor with variable inductance and a common captivity. The wireless sensor is stretched to the resonance frequency continuously. This frequency is detected using an external coil connected to the vector network analyzer. The wireless reading range of the sensor is about 1 m in the stretched state. Strain differences were generated by stretching the PDMS substrate through a customized clamp (with 0.1 mm tuning resolution) to a controllable deformation device. The external reader coil was aligned above the stretchable wireless sensor on the same axis using a manipulation stage. As long as the impedance phase dip is detected in the frequency scan, the resonance frequency is accurately characterized. If the sensor implant has strain-sensitive electrical components, its resonance frequency will be shifted based on external strain variation.
The shape of wireless coil changes with the stretching of PDMS substrate. The sensitivity is of importance for the wireless LC sensor. When the embedded metal components are away from the bottom substrate, it leads to a decrease in the inductance and an increase in the resonance frequency. The normalized shifted resonance frequency can be written as
where f resonant 0 = f resonant (ε applied = 0), L is the increment of inductance resulted from the structural deformation, ε applied is the increment of applied strain, and ˛ is determined by the material properties, physical dimensions of the device and external strain ε applied . As ε applied changes, the resonance frequency of the stretchable wireless sensor also changes. Submit Eq. (3) into Eq. (6), one can get
It can be noted that ˛ is related with the applied strain, and can be extended based on Taylor series. When ε applied is small enough, Eq. (6) can be further derived as
The sensitivity of the wireless sensor can be shown as
The sensitivity is related with the applied strain since is determined by the applied strain. Supposed that the applied strain is equal to zero, and one can get S| ε=0 = 5239 ppm/1%. Fig. 9 shows the measurement results of return loss with the operation frequency, in different stretched status (from 0 to 40%) of wireless sensor bonded onto the artificial skin. Operation frequency shift with applied strain in a highly sensitive and kinematics controlled manner, and the return losses are all smaller than −10 dB in experiment results, which successfully verified the feasibility of wireless strain sensing in the variable inductor design. Giving one strain of the wireless strain sensor, working frequency point can be detected through the external coil linked to vector network analyzer. From the resonance frequency, one can compute strain status of the wireless sensor. Fig. 10a shows the relationship between the applied strain and the corresponding resonance frequency of self-similar antenna with w line = 300 m. A linear fitting curve can well depict the relationship between operation frequency and the applied strain, as the solid red line. Theoretical computation results of Eq. (4) agree well with the experiment data. The stretchable sensors based on self-similar antenna achieved excellent strain sensing performance (with high responsivity 33.7 MHz/10%), providing readouts with resolutions smaller than 10% so as to sufficiently cover all strain variations of the practical skin monitoring. Highly sensitive strain responses are obtained based on the high compliance of the flexible diaphragm and high resonance frequency. Fig. 10b shows the resonant working frequency of fractal coil with width of 300, 400 and 500 m. All these results show significantly linear relationship between the resonance frequency and the applied strain. The width of the self-similar structures plays a critical role in the stretchability of fractal antenna, and determines the resonance frequency, but has no influence on the sensitivity. The self-similar antenna with w line = 500 m width is broken when stretched up to 40%, so we cannot get the corresponding operation frequency.
Conclusions
We have presented a stretchable wireless strain sensor with a fractal coil which is with a novel self-similar structure, and the complete design, fabrication, characterization and sensitivity analysis are described in detail. The self-similar serpentine structure was utilized to satisfy the requirement of large deformation in stretchable sensor, and it can satisfy low stiffness comparable with soft materials such as skin, in addition to large deformability. FEA results illustrated the large deformation of the fractal coil, and it agrees well with experiment results. Wet etching process is used to fabricate the wireless coil based on Cu film, and it can provide high electrical performances. Influence of resistance R S , inductance L S and capacitance C S has been studied to discover the relationship with the resonance frequency. The wireless strain sensor shows a highly responsivity 33.7 MHz/10%. It can be utilized for long-term continuous skin monitoring onto artificial skin. Future work will be focused on improving the sensing distance of these wireless strain sensors for practical applications.
